Background: Gabapentin has shown efficacy in the treatment of chronic neuropathic or mixed pain in adults. Although pediatric pain specialists have extensive experience with gabapentin for the treatment of neuropathic pain, its use is off-label. Its efficacy and safety in this context have never been shown. The aim of this trial is to compare gabapentin with placebo as add-on to morphine for the treatment of severe chronic mixed or neuropathic pain in children. This trial is part of the European Union Seventh Framework Programme project Gabapentin in Paediatric Pain (GAPP) to develop a pediatric use marketing authorization for a new gabapentin suspension.
Background
Chronic pain, continuous or recurrent, lasting for more than 3 months affects 11-35% of children with varying disabilities [1, 2] . Although nonsteroidal anti-inflammatory drugs and opioids may be the standard therapy for mild and severe non-neuropathic pain (non-NP) in both adults and children, and although tramadol and morphine have shown efficacy in different types of NP in adults [3] [4] [5] , they are not considered to be the first-line medications for NP syndromes [6] [7] [8] , owing to concerns regarding longterm safety. Nevertheless, opioids are used for patients with severe NP not responding to first-line medications in acute NP or episodic exacerbation of severe NP. Because of a lack of appropriate studies in children concerning management of chronic NP, the latter are often undertreated or pain medication is used off-label.
The antiepileptic drug gabapentin has shown efficacy in a wide range of neuropathic or mixed pain syndromes. The mechanism of gabapentin is at the voltage-activated calcium channels in the central nervous system (CNS), but the mode of action in the treatment of NP is still not fully understood. In early studies, gabapentin has been shown to have a central antiallodynic effect [9] as well as to inhibit ectopic discharge activity from injured peripheral nerves [10] . Although originally the hypothesis was that it exerted its antiallodynic effect through γ-aminobutyric acid-mediated pathways at the spinal cord and brain level or by antagonism of N-methyl--D-aspartate receptors, evidence is emerging for antagonism of calcium channels in the CNS and peripheral nerves [9, 11] . Fink et al. showed that gabapentin in the neocortex of the rat but also in humans inhibits neuronal calcium influx, leading to decreased α-amino-3hydroxy-5-methyl-4-isoxazole propionic acid receptor activation and noradrenaline release in the brain [12] . More recently, it was suggested that gabapentin also inhibits activation of a nuclear transcription factor and consequently expression of cyclooxygenase 2 and other genes involved in inflammation [13] .
In adults, randomized controlled trials of gabapentin have shown its efficacy and safety for the treatment of postherpetic neuralgia [14, 15] , diabetic neuropathy [16] , phantom limb pain [17] , spinal cord injury [18] , peripheral nerve injury [19] , and neuropathic cancer pain [20] . Case series and case reports further suggest its efficacy for analgesia in multiple sclerosis [21, 22] , complex regional pain syndrome type 1, erythromelalgia, trigeminal neuralgia, peripheral neuropathy, post-thoracotomy neuropathy, central pain syndromes, and Guillain-Barré syndrome [23] .
Efficacy in pediatric pain is based mainly on anecdotal reports and several open-label, noncontrolled clinical studies. Gabapentin appears efficacious for the treatment of post-thoracotomy pain, complex regional pain syndrome type 1, phantom limb pain, and spinal fusion surgery [24] [25] [26] .
Hence, although pediatric pain specialists have extensive experience with the use of gabapentin and reports support its benefits, efficacy and safety have not been unequivocally demonstrated in well-designed clinical efficacy and safety studies in the pediatric population.
In this context, the GAPP (Gabapentin in Paediatric Pain) project is a European-funded project that comprises a full pediatric development program for gabapentin in the treatment of chronic neuropathic or mixed pain in children. The development strategy, requirements, and regulatory deliverables have been outlined in a pediatric investigation plan (PIP), which has agreed with and approved by the European Medicines Agency's Paediatric Committee.
The PIP includes (1) the development of a liquid oral gabapentin formulation, (2) the evaluation of gabapentin safety in juvenile animal toxicity studies (PRE-GABA), (3) two clinical trials to evaluate the efficacy and safety of gabapentin as monotherapy (GABA-1) and as adjuvant therapy (GABA-2), and (4) a modeling bridging study (GABA-3) to specifically address the paucity of pharmacokinetic (PK) data in children and enhance the dose rationale for the pediatric population [27] . The study protocol presented in this paper concerns the GABA-2 trial. The primary aim of this specific study (GABA-2) is to determine the efficacy and safety of gabapentin versus placebo as add-on to morphine in children with severe chronic neuropathic or mixed pain.
Methods/design
In this randomized, double-blind, placebo controlled, multicenter superiority phase II study, the efficacy of gabapentin as add-on to morphine will be compared with the efficacy and safety of placebo as add-on to morphine.
Study population
A total of 66 children from 3 months to 18 years of age with chronic (> 3 months) neuropathic or mixed (neuropathic and nociceptive component) pain are being recruited into the trial. Subjects are recruited in several centers for pediatric pain divided over six European Union countries (Table 1) .
Inclusion criteria
Subjects must fulfill the following inclusion criteria to be eligible: Patients must at least meet one of four mentioned criteria if younger than 3 years old and at least two of four criteria if older than 3 years of age [28] . For complex regional pain syndrome, the so-called Budapest criteria will be used for the diagnosis [29] . This means there is continuing pain disproportionate to the inciting event.
Patient must report at least one symptom in three of four of the following categories:
Sensory: allodynia and/or hyperalgesia Vasomotor: temperature asymmetry, skin color changes/asymmetry Pseudomotor/edema: edema and/or sweating Motor/trophic: motor dysfunction and/or trophic changes (nail/skin) This together with at least one sign during evaluation in two or more of the previous categories and no other diagnosis can explain the symptoms.
Severe pain
Severe pain is defined as intensity 7 or more assessed during a 3-day screening period using the following scores according to age: Face, Legs, Activity, Cry, Consolability scale (FLACC) for children ages 3 months up to and including 2 years; Faces Pain Scale-Revised (FPS-R) for children aged 3 years up to and including 7 years; and the pain Numeric Rating Scale (NRS-11) for children between 8 and 18 years old. Pain intensity is assessed two times daily and at least five of six assessments should be available.
4. There should be chronic or recurrent pain for a period of at least 3 months. 5. Informed consent from parents or legal guardian 6. A stable underlying disease condition and treatment 7. Patients with chemotherapy-induced peripheral neuropathy when in clinical remission or maintenance phase of their therapeutic protocol
Exclusion criteria
1. Pain duration of more than 5 years 2. Current use of gabapentin 3. Current use of strong opioids (morphine, methadone, fentanyl, oxycodone) or ketamine 4. History of failure to respond to treatment with gabapentin or opioids for NP 5. History of epilepsy (except febrile seizure) 6. Subjects diagnosed with sickle cell disease 7. Subjects diagnosed with cognitive impairment 8. Subjects who present with current controlled or uncontrolled comorbid psychiatric diagnosis that can impair pain diagnosis and assessment 9. Subjects with a history of or current suicidal ideation or behavior 10. Subjects with a history of substance abuse in particular opioids 11. Subjects being treated with prohibited concomitant medication (see Table 2 ) 12. Subjects with a body mass index below the 5th percentile or above the 95th percentile for their age and gender 13. Subjects with renal impairment (i.e., glomerular filtration rate < 90 ml/min/1.73 m 2 ) 14. Subjects with hepatic impairment (aspartate transaminase/aAlanine transaminase three times the upper limit of normal for age) 15. Corticosteroid oral treatment or infiltration needed for pain caused by infiltration or compression of neural structures 16. Subjects with clinically relevant abnormal electrocardiogram (ECG) at the screening visit After obtaining informed consent from the subjects' parents or legal representatives, during a screening period to confirm study eligibility, a medical history, including all relevant lifetime medication and nonpharmacological interventions, will be obtained, and concomitant medication will be recorded. Also, required clinical laboratory tests will be done. Venous blood samples will be taken for standard clinical hematology and biochemistry (2.5 ml) together with a serum β-human chorionic gonadotropin test (in females of childbearing age) (2 ml) and a sample for pharmacogenomics (0.5 ml) and metabolomics (1 ml). A washout period of 3 days may be required to discontinue medication potentially interfering with the primary outcome of pain intensity, with the exception of the rescue medications paracetamol and ibuprofen.
Baseline assessment
After the washout period, the patient and, dependent on the age of the child, the child's parents will be requested to assess pain intensity twice daily for 3 days to obtain the average baseline pain intensity. During this period, rescue medication will be allowed (i.e., paracetamol 15 mg/kg [oral or rectal] four to six times daily to a maximum daily dose of 4 g or ibuprofen 5-10 mg/kg [oral] every 6-8 h to a maximum daily dose of 30 mg/ kg/day).
Randomization
After the screening period, the patients return to the trial center and will be randomized (on V2) at a 1:1 ratio to one of the treatment groups: gabapentin plus morphine or placebo plus morphine.
Randomization is performed using ICE version 1.0 software and generated by a statistician not involved in data analysis of trial results. After randomization login, a blinded message is sent to the investigator, and an unblinded message is sent to the pharmacy.
Patients are stratified into three age groups (3 months to 3 years, 3 years to 8 years, and 8 years to 18 years) with pain scores validated for that age group.
Treatment period Dose and dose optimization
During the first 3 weeks of treatment period 4 (V3-V6 in the participant timeline) ( Fig. 1 ), visits will be scheduled to assess safety and tolerability and to titrate liquid gabapentin (75 mg/ml) to an optimal, weight-based (two weight groups, 5 to ≤ 15 kg and > 15 kg) tolerable dosage. A dose will be indicated as optimal if the subject has reached a pain intensity < 4/10 in all pain assessments in the last 48 h (n = 4) or the maximum tolerable dose. Only one dose reduction is allowed during the optimization period ( Table 3) .
All children will have a titration in morphine starting at 0.6 mg/kg/day to a maximum dose of 1.2 mg/kg/day four times daily from days 1 to 5, based on the World Health Organization (WHO) guidelines of 2012 [30] . For patients with a body weight of 30 kg or less, a liquid formulation will be used during titration and maintenance phases. For patients with a body weight of 30 kg or more, a solid immediate release formulation will be used during titration phase, which will be converted to a similar daily dose solid extended release formulation during maintenance phase. During all visits in the dose optimization and maintenance period, adverse effects of Fig. 1 Participant timeline morphine will be closely monitored (e.g., constipation, for which laxatives can be given).
At dose optimization visit V5 or V6 (or at end-ofstudy [EOS] visit V10), four venous blood samples will be taken for assessment of PK: One predosing and three at different times postdosing (four times 1.5 ml and for children less than 15 kg four times 1 ml).
Fixed-dose maintenance period
After dose optimization, patients will continue to take medication (gabapentin or placebo) next to morphine for an additional 12 weeks. Dose adjustments are not allowed during the maintenance period.
End of study
For all patients who terminate or complete the dose maintenance period, medication will be tapered according to a schedule over 0-4 weeks. During this tapering period, site staff will contact the patients to ensure that they are complying with the taper schedule. At EOS visit V10, venous blood sampling will be done once again (standard clinical hematology and biochemistry [2.5 ml] and metabolomics [1 ml]).
Study taper and follow-up period End of taper
All patients who are tapered off medication will return for a visit 1-4 weeks after their EOS visit for the collection of final safety evaluations.
Follow-up
Seven days after the last dose of investigational medication, follow-up by phone will take place to collect information about pain intensity, global health, and ongoing or new (serious) adverse events and concomitant medication until all safety concerns are resolved.
Blinding
Gabapentin and placebo (oral liquid formulation) will be indistinguishable in appearance to maintain the study blinding. Also, labeling will not allow recognition of actual treatment. During the trial, blinding will be broken by the investigator for emergency purposes only, where knowledge of the blinded treatment could influence further patient care. In addition, the safety contact will unblind safety reports, as per regulatory requirements. Study blinding will be broken after database lock.
Efficacy measurement
The following scales will be used to assess pain intensity at all visits throughout the study. The FLACC scale is used for children between 3 months and 7 years of age who are unable to self-report their pain. It is a fiveitem scale that raters (investigators, parents) use to score in five categories (Face, Legs, Activity, Cry, and Consolability), each assigned a score of 0, 1, or 2 and total score between 0 and 10.
The FPS-R is a self-report measure of pain intensity. It consists of six line drawings of faces that are scored 0 to 10. In this study, the FPS-R will be used for assessment of pain in children 3 years and older because it has not been validated for younger children. In children of 3 and 4 years old who are unable to self-report using the FPS-R, the FLACC scale will be used.
The Numeric Rating Scale (NRS-11) is designed for pain score to be used by children from 8 years of age. The user has the option to verbally rate their scale from 0 to 10 or to place a mark on a line indicating their level of pain, with 0 meaning absence of pain and 10 meaning the most intense pain possible.
To be able to compare data from the different pain scores, all scores will be reported on a scale of 0-10, as indicated by the individual scores.
Pain will be assessed at the following time points:
1. Baseline assessment: average pain score of twice-daily assessment on 3 consecutive days 2. During trial: daily in the morning and when breakthrough pain is noticed 3. Endpoint: average pain score of twice-daily assessments on 3 consecutive days Furthermore, parents and/or subjects are asked to keep a daily patient diary recording the following items: study drug intake changes, comedication intake including rescue medication, adverse events, and abnormalities in sleep.
Additionally, the following items will be scored:
Global satisfaction with treatment (at EOS visit V10) using NRS-11 
Outcome measurements
The primary outcome of the study is the average pain score (defined as average pain score of twice-daily assessments of 3 consecutive days) at the end of the study period in both treatment groups. Secondary endpoints are percentage of responders with 30% reduction in pain score, average daily pain intensity by age-appropriate scale, observational pain assessment with use of NRS-11 by parents/caregivers and investigator at each visit, number of episodes of breakthrough pain > 4/10 pain score and use of rescue medication, number of rescue interventions, number of pain-free days with < 4/10 pain score without rescue medication, participant dropouts due to lack of efficacy, total cumulative weight dose of each rescue drug, quality of life scored with the PedsQL at baseline (V2) and EOS visit (V10), acceptability of treatment (Facial Hedonic Scale) at EOS visit, global satisfaction with treatment (NRS-11 completed by parent/patient) at EOS visit, CGI-S at V6 and EOS (CGI-S by investigator), patient/ parent PGIC at V6 and EOS, PK parameters: apparent clearance (CL/F), apparent volume of distribution (Vd/ F), absorption rate constant (Ka), area under the curve (AUC), maximum (peak) concentration (Cmax), time of maximum concentration (Tmax), concentration at steady-state (Css), minimum concentration (Cmin) incidence of adverse events, percentage of adverse events, percentage of subjects discontinuing the trial due to adverse events, aggressive behavior in children > 6 years old (Retrospective-Modified Overt Aggression Scale) at V2-V6 and EOS, and suicidal ideation (C-SSRS) at V1 and EOS.
Study procedures
The protocol structure follows the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) 2013 statement. The SPIRIT schedule with a complete overview of the study procedures for this trial is summarized in Fig. 2 . The complete SPIRIT checklist for the study is provided in Additional file 1.
Statistical analysis Sample size calculation
A total sample size of 66 is needed. It will allow detection of a significant difference between morphine plus placebo and morphine plus gabapentin groups in mean pain scores at EOS. Mean baseline pain scores of 8.5 are assumed for both groups, with estimated EOS pain scores of 5.4 for morphine alone versus 4.5 for morphine plus gabapentin based on percentage change in pain scores in a previous trial in adults [31] . A minimum number of patients is defined per age group: (1) at least 5 patients aged 3 months to less than 3 years, (2) at least 15 patients aged 3 years to less than 7 years, and (3) at least 20 patients aged 7 years to less than 18 years. No maximum number of patients per age group is specified. A two-tailed test will be applied with a significance level of 0.5 and a power of 80%, and 10% dropout is anticipated.
Type of analysis
The primary efficacy analysis of this study is aimed at assessing the superiority of treatment with morphine and gabapentin compared with morphine and placebo. The hypothesis to be tested is that the average pain scores (average of two measures each day for 3 days before EOS visit V10) assessed by age-appropriate pain scales (FLACC, FPS-R, NRS-11) are lower in the treatment group (morphine + gabapentin) than in the control group (morphine + placebo).
The primary analysis of efficacy will be conducted using one-way analysis of covariance (ANCOVA) with baseline average pain score as a covariate. Other covariates will include center, treatment, and age (three subgroups). A second ANCOVA model including a treatment × center interaction term will be used to assess consistency across sites.
Intergroup differences as breakthrough pain and frequency and dosage of rescue medication will be assessed using sample t test or Wilcoxon-Mann-Whitney tests.
Statistical analysis will be performed using IBM SPSS Statistics 21 (IBM, Armonk, NY, USA) or SAS 9.4 (SAS Institute, Inc., Cary, NC, USA) software for PC.
Pharmacokinetic-pharmacodynamic analysis
PK data will be analyzed by nonlinear mixed effects modeling with NONMEM (version 7.2; ICON Development Solutions, Dublin, Ireland) to estimate PK parameters, including volume distribution, clearance of gabapentin and morphine, and variability and precision. Also, influence of potential covariates will be evaluated.
Using predicted drug concentrations, a population PK-pharmacodynamic (PD) model will be developed to link drug exposure to pain response. 
DSMC
The study safety and progress will be reviewed by an independent data and safety monitoring committee (DSMC) according to the DSMC charter. All adverse effects reported by the subjects or observed by investigators or staff will be recorded. A continuous evaluation will be performed by an independent DSMC. In case of disproportionate adverse effects or prolonged inclusion, the DSMC can decide to terminate the study. No interim analysis for efficacy is planned.
Discussion
The GABA-2 study is an exploratory, randomized, doubleblind, placebo-controlled, multicenter study designed to evaluate the efficacy of gabapentin added to morphine in pediatric patients with severe neuropathic or mixed pain.
Although strong opioid use for benign pain is met with cultural barriers in many countries, the use of morphine is recommended by the WHO guidelines for persistent pain in children as a first-line treatment [30] . Also, the use of morphine for NP is questioned by practitioners, but tramadol and morphine have shown efficacy in several randomized controlled trials concerning different types of NP [3] [4] [5] 32] and are therefore advised in the guidelines from the International Association for the Study of Pain for the treatment of NP in adults [32, 33] .
Hence, the use of morphine for severe NP in children should be seriously considered and studied clinical trials. Because treatment with first-line agents such as antidepressants and anticonvulsants as monotherapy for severe NP is not always sufficient [34] , and because data show a synergistic effect of gabapentin when added to morphine in adult patients with NP, this design was chosen for the children with the most severe pain (pain scores 7 or higher on a scale of 0-10).
Although opioids other than morphine, based on PD properties, might be more suitable [8] , they were considered inappropriate for this study because of unavailability in some of the participating countries.
Chronic pain, specifically NP in children, is often difficult to treat. Children are often undertreated owing to a lack of evidence or medication is used off-label because it often is not registered for use under a certain age. For example, in The Netherlands, gabapentin is not registered for treatment of NP in patients younger than 12 years. Moreover, high-quality studies investigating the efficacy and safety of gabapentin for this indication in children are lacking. Hence, we believe our trial is necessary and timely.
Pediatric PK studies of gabapentin [35, 36] have shown that oral clearance of gabapentin was directly proportional to creatinine clearance, which is higher for children younger than 5 years of age than in older children and highly variable in infants younger than 1 year of age. Therefore, a PK analysis was performed by simulating different dosing scenarios to evaluate dosing requirements to ensure effective drug concentrations of gabapentin as described in treatment of adult NP [37] . Based on this analysis, an appropriate dosing schedule based on weight bands for practical considerations will be used.
Justification of this dosing regime will be further investigated by assessing drug exposure using sparse sampling techniques. A correlation between exposure and analgesia will be explored.
The dosing regimen for morphine and slow-release morphine is based on the WHO guideline for morphine in children [30] , and it will be titrated on the basis of tolerability in the first days of the active treatment phase of the trial. Slow-release morphine with lower daily dosage would be the preferred formulation, but it is not available or registered for all age groups. Therefore, depending on the body weight of the patient as well as on availability and registration in the participating countries, immediaterelease formula or tablet morphine is chosen for the titration phase. Slow-release morphine is chosen for patients above 30 kg during the maintenance period of the study.
The primary endpoint of the study will be the differences in average pain scores for the two treatment groups (average of two measures each day for 3 days before the EOS visit) assessed by the age-appropriate pain scales (FLACC, FPS-R, NRS-11). Because the age range of the study population is wide, different pain scores were needed to ensure the most optimal scale for the different age groups. FLACC is a validated, observer-based scores for younger children. For school-age children, the FPS-R was chosen as a validated self-reported pain score, whereas the NRS-11 was considered most appropriate for older children. We realize that these scores are only validated for acute pain, but in the absence of validated pain tools for chronic pain, these scores were considered the best validated alternatives. Another limitation is that the data need to be analyzed in an aggregate way (i.e., all age groups together). For this reason, we also used scores that are expressed on a 10-point scale and can be analyzed together, although we acknowledge that cross-validation of the absolute scores has not been done, to our knowledge. In general, a pain score of 4 is accepted as a cutoff for pain that needs treatment for all scores; hence, we considered the combined use of scores acceptable.
To our knowledge, this is the first randomized controlled trial studying the effectiveness of the combination therapy morphine and gabapentin for pain in children. Although very challenging in design and in potential recruitment and retention of patients, we believe this trial will provide more solid evidence of the efficacy of gabapentin in combination with morphine to ultimately improve the treatment of severe NP in children.
Trial status
For the Gaba-2 study, ethical approval has been obtained in one of the participating centers, and the study is under review in the other centers. No patients have yet been included. 
Additional file

